Spectroscopic Studies of Diatomic Gallium Halides

V. B. Singh @
Department of Physics, Udai Pratap Autonomous College, Varanasi 221002, India

(Received 15 December 2003; revised manuscript received 19 June 2004; accepted 1 June 2004; published online 9 March 2005

An extensive study of the available spectroscopic information on four gallium mono-
halides has been conducted. The literature survey extends to early 2003 and the experi-
mental and theoretical data on the molecular constants for the ground state, as well as for
the excited states of these molecules, is presented. A brief discussion on the spectroscopic
properties of different electronic states, ionization potentials, ground state dissociation
energies, and percentage ionic character are given. The Rydberg—Klein—Rees potentials
for the electronic states and centrifugal distortion constants for the observed vibrational
levels for the electronic states of GaX €k, Cl, Br, and ) are also presented. @005
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1. Introduction
Metal halide vapor show many physical and chemical

properties that make them attractive as possible laser

medium!~*Ultraviolet (UV) photodissociation of heavy IlIA
group monohalide molecules has turned out to be a very
effective pumping process for atomic resonance laser action
in one of the photofragments. Recently new emission spectra
reported by Venkatsubramaniaet al,® has indicated the
prospects of gallium monohalide molecules as an efficient
excimer laser system. The gallium monohalides play an im-
portant role as intermediates in the production of new high-
frequency and opto-electronic semiconductor deVid@aCl

has practical importance in the manufacture of advanced
GaAs semiconductor devices where gas-phase chlorinated
reagents are used commonly to modify the GaAs surfate.
Studies of chemical vapor deposition also indicate that gas-
phase GaCl can deposit gallium atoms on to a GaAs
surface'® All these application oriented studies have empha-
sized the need for basic data on the spectroscopic properties
of these monohalide molecules.
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24 V. B. SINGH

Spectroscopic investigations on the diatomic halides ofpproximationgLDAs) and general grading approximations
gallium have been the subject of much interest for a longGGASs) and relative relativistic correction are used to per-
time~1° The general behavior of the spectrum of gallium form the total energy computation for these molecules. Most
monohalides is very similar to the one described for indiumrecently, arab initio study of the ground and valance excited
monohalides. Three low lying electronic stated\ *Il,, states including spin orbit coupling effects of GaCl have
B°II,, and CII; are known through transition to the been performed by Yanet al*'® The transition properties of
ground statéX '3 * in all these molecules. Rydberg states arelow lying excited states are predicted. A high resolution in-
also reported only for GaCl. This group of IlIA group mono- frared emission om\v=1 bands was reported by Uehara
halides is amongst the least studiadtil 1990 from the et al*? First measurements of pure rotational transitions of
spectroscopic view point due to the presence of two equallgallium monohalides GaCl, GaBr, and Gal were done by
abundant isotopes of Ga which results in a complex strucBarrett and Mendéet® Further microwave spectral studies on
ture. However, recently a number of theoretical and experithe gallium monohalides have been carried out by a number
mental works on the electronic spectrum of these moleculesf researcher&:~>° Most recently, Lenthet al>’ performed
have been reported. DFT calculations to evaluate nuclear quadrupole coupling

In 1933, Partrikaln and Hochbérdfirst observed the elec- constants of a number of metal halide molecules, including
tronic spectrum of the GaCl radical. Miescher and Wéhtii ~ the GaX molecules.
recorded the electronic band spectrum of GaCl, GaBr, and Recently, more theoretical work for the GaX molecules
Gal in both emission and absorption. This proved the stabilhave been performeavhich were lacking in the case of InX
ity of gallium monohalides in the gas phase and these aumolecules. However, more experimental work for the InX
thors determined the molecular constants for the ground a®olecules is reported in comparison to Gax molecules. In
well as for the low lying excited state&\ €11, andB °I1,) of ~ both groups of molecules, the five low lying excited bowhd
these molecules. They also identified an additional excitegtates®I, , A°Ilg , B3I1,, ®I1,, andC 'I1, are generated.
(CI,) state. About 2 decades later Levin and Winkhs, Only the transition fromA 31§ , B *II,, andC 1, states to
Welti and Barrow!® Barrow et al,’®” and Bartky® reana- the ground statX 'S * are allowed(as shown in Fig. 1 in
lyzed the spectra of diatomic gallium halides. Later, SavithryMishraet al') and have been observed in the experiment. In
et al,?° Lakshminaryana and Sethumandha¥aBprkowska all diatomic halides of gallium and indium, th&-X and
and Zyrnicki?? and Griffithet al?* extended the work on the B—X transitions are very strong and lying in the UV-visible
electronic spectrum of these molecules at an improved resdgegion. The electronic spectrum of diatomic halides of gal-
lution. Recently, Mahieu etal,”® Borkowska and lium are slightly shifted towards shorter wavelength sides in
Zyrnicki,>>~?"and Saksena and co-work&s* reported fur-  comparison to the corresponding halides of indium. The dis-
ther studies at high resolution. sociation energy of both groups of the molecules follows the

Grabandtet al*? investigated the photoelectron spectra ofsame trend, th®, values decrease with the increasing mass
gallium monohalide molecules. They have also carried ouff the molecule. The atomic dissociation product @*I,
the Hartree—Fock—SlatefHFS) type density functional State for most of these molecules turns out to be
theory (DFT) calculations with a pseudopotential techniqueM* (*Ps2) +X(?Pg;). The percentage of ionic character
on these molecules. Deardehal® reported the resonance Slightly increases in the ground states of the gallium mono-
enhanced multiphoton ionizatioREMPI) spectra of GaCl halides molecules in comparison to corresponding indium
and they have assigned five Rydberg series involving 20 neonohalides. TheC 'I1; state in both indium and gallium
electronic states reported for the first time. Balasubramaniafonohalides becomes progressively less stable as the mass
and co-worker¥ % investigated the electronic structure of Of the halogen increases. The analogy in the Rydberg state
GaCl and GaBr molecules withb initio complete active assignments between GaCl and InCl was found to be limited.
space multiconfiguration self-consistent fielCSCPH In the present paper, we have attempted to summarize the
(CASSCH calculation followed by the method of first and z_avallable spectroscopic information about gglllum mor_mha-
second order configuration interactions. Yoshikawa andides. A brief discussion on the spectroscopic properties of
Hirst3® Kobus et al,3” Mochizuki and Tanaka® and different electronic states, ionization potentials, ground state
Bauschliche®® performed further theoretical studies on the dissociation energies, and percentage of ionic character are
electronic structure of these molecules. Recently, Dutt&iVen- The review is arranged in following manner. Section
et al?® have calculated the potential energy curves and spe@-* consisting of four subsections, covers the ground state

troscopic constants for the low-lying electronic states of galProperties as exemplified by

lium monoiodide by the method of multi reference single and(1) the results of quantum mechanical calculations of elec-

double configuration interactiofMRDCI) based on relativ- tronic structure(Sec. 2.1,

istic effective core potential. They also estimated the radia2) the photoelectron spect(8ec. 2.2,

tive lifetime of the®ll states from the transition probability (3) the dissociation energ§Sec. 2.3, and

data for the first time. Most recently Yareg al** calculated (4) the calculated percentage ionic charact&wsc. 2.4.

the spectroscopic constants of the ground state as well as the

low-lying excited states of GaX (XF, Cl, Br, and ) mol-  In Sec. 3, the results of the studies on the microwave spectra
ecules using the DFT. In this work, different local density of gallium monohalides are summarized. The spectroscopic
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DIATOMIC GALLIUM HALIDES 25

properties for the low-lying excited states are discussed itiii) The next inner MO is anothes MO. It is mostly a
Sec. 4. In Sec. 5, the available information about the Ryd- npo orbital centered on the halogen atom, with only a
berg states and states of corresponding molecular ions is small contribution frormso of the Ga.

summarized. Finally, the conclusions and suggestions for
further study are described in Sec. 6. Thus, we conclude that the nature and bonding character of

outermost molecular orbitals in GaX molecules are very
similar to InX moleculesg.

2. Ground State
2.1. Nature of Bonding in the Ground State 2.2. Photoelectron Spectra

The ground state of all gallium monohalides is of " Photoelectron spectroscogPES has been used exten-
(or 0% in case ¢ type, similar to other diatomic molecules sively as a suitable method for obtaining information about
formed by IlIA group elementge.g., B, Al, Ga, In, and T the electror_1ic structure of neutral a_nd ion_ic states.of diatomic
with halogenge.g., F, Cl, Br, and)l In many cases this has molecules in the gas phase. pesplte their short-lived c_harac—
been verified by experimental observation of the rotationafer Several group Ill monohalides have been the subject of
structure and also by theoretical calculations. Receatly PES studie8*~**Berkowitz?® Berkowitz and Dehméf®*
initio based MRDCI calculations on Gal molecule reportedEgdellet al,’? and Grabandet al® have carried out investi-
by Dutta et al*® and most recenthab initio study of the 9ations on the photoelectron spectroscopy of indium and
ground state of GaCl reported by Yaegal*!® also reveal thallium monohalides in the gas phase and observed, in gen-
that the ground states of Gal and GaCl &k type. The eral, three peaks in the photoelectron spectra of each of these
singlet ground statéS * of gallium monohalide molecules molecules. The peaks were interpreted to involve ionization

are generated by the following ground state electronic confrom the three outermost molecular orbitals leading to the
figuration: formation of molecular ions in three different low lying elec-

2 s tronic stateX 2%, A2I1, andB 23 *. These studies all show
010503T]. that the chemical bonding throughout the series of group IlI
monohalides is predominantly ionic rather than covalent in

This ground electronic configuration arises from the inter-
nature.

. 2 l .
action of the ground state G&R, 4s°4p") with the ground He(l) PES of the short-lived gallium monohalides, pro-

state of the halide atom X2P, ns’np®, n=2, 3, 4, 5. The . : )

; . duced via a new solid state reaction, have been recorded and
outermostp shells of gallium and halogen atoms are active.. . -
It has been found thatc® electrons in Ga andd® elec- interpreted on the basis of tlab initio Hartree—Fock—Slater
calculations by Grabanei al>? The solid state reactions, in

trons of the heavier halogen do not participate actively in the . . .
formation of the Ga—X £ F, Cl, Br, and ) bond. which the title compound can be generated in the gas phase

" . in significant concentrations in the virtual absence of other
Recently number ofb initio studies on these molecules species. have been shown to produce a successful approach
were reported. Grabanet al3? have performed HFS calcu- P § P PP

lations for these molecules and concluded that the highef r PES. Three ionic states of all four gallium monohalides

occupied molecular orbitalMO) is largely on Ga in GaF %a'\l'lﬁebﬁreg[ Idsglilf;ﬁdtrllrel th;lso&ae%(r:tron spectrum of GaF ap-
(60% Ga 4; 10% Ga4p: 30% F 2p) which but in Gal, the P P P P

contribution of Ga and the halogen become almost equa{?ears between 10.5 and 11.0 eV and attributed to the transi-

0 CmM0 0 oo . ion from the neutral ground stateX{> ™) to the lowest
(30% Gads; 20% Ga4p50% 15p). Ab initio calculations jonic state K23 ™). This band shows five components and

for the ground and the first electronic excited state of GaC ; ; .
. he distance between first and second component is found to
and GaBr molecules have been carried out by Balasubrama- o oo
: 35 . . e ~605cm - which corresponds to the vibrational fre-
nian and co-worker&*®® They have described that in the . . .
I quency associated with the neutral ground state. The vibra-
case of the GaBr molecule the; molecular orbital is pre- . ) . L
tional progressions associated with the lowest ionic state

dominately Gé4s), while the o, 4&11nd ™y are predqmlnantly were also observed in the above first band with a vibrational
Br(4p). Most recently, Yanget al.** conductedab initio DFT . 1 e . . .
spacing of~745 cm . This shows an increase in the vibra-

calculations for all gallium monohalides. These density func—tional frequency in the ionic ground stati £, *) in com-
tional theory calculations show that the outermpstells of d y 9

. Y+ .
gallium and halogen atoms are actft}eOn the basis of the panson 'FO n_eutral ground statX {2 ") of GaF. Th‘? agha
photoelectron spectra ar initio HES calculations for gal- batic ionization energy corresponds to the lowest ionic state

X . . . . is found to be 10.64 eV. The second peak, which is quite
lium monohalides the following brief conclusion about the .

. broad, was observed between 12.9 and 14.5 eV. This band
nature and bonding character of the outermost molecular ory :
bital in these molecules are presented does not show any resolved structure. The structureless th|rd

' peak was observed between 15.0 and 15.8 eV with low in-
(i) The outermostr orbital has mainly Ga character but tensity. Similar three peaks were also observed for the other
halogen character increases as we go from F to . gallium monohalides.
(i)  The doubly degenerate orbital is of predominately Grabandtet al®? have calculated the potential energy

halogen lone pair character. curves using the HFS method for the neutral ground state
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26 V. B. SINGH

TaBLE 1. Experimental and theoretical ionization enerdieseV) for gallium monohalides

GaF GaCl GaBr Gal
State of
ion Experimental Theoretical Experimental Theoretical Experimental Theoretical Experimental Theoretical
X2 10.64° 10.48 9.91 9.64 9.59 9.23 9.03 8.60
10.74¢ 10.45 10.07 9.68 9.72 9.23 9.19 8.60
A2y, 12.91¢ — 10.81 — 10.14 — 9.93 —
13.6F¢ 13.69 11.38 10.82 10.60 10.24 10.25 9.64
A2, 12.97¢ — 10.80 — 10.14 — — —
13.6F¢ 13.65 11.38 10.74 10.60 9.88 9.49 8.94
B2y * 15.07¢ 1417 — 13.53 13.45 13.40 12.81 13.03
15.41° 15.16' 14.05 13.59 13.62 13.44 12.98 13.03

@Adiabatic transition.
b+0.01 eV.

‘Band maxima.
9Band onset.
€+0.04 eV.

and three low-lying ionic states of the gallium monohalides. The photoelectron spectra and HFS calculations shows
From the computed potential curves the adiabatic and vertithat the ground states of gallium monohalides ions are bound
cal ionization energies for the ground state of GaX=lX  states and the internuclear separation in the ion is slightly
Cl, Br, and ), as well as for the three ionic states of GaX, less than for the corresponding neutral G@Xound states

have been obtained. The experimental and calculated ioniz&he A ?I1 state of ionized GaX is repulsive while the excited
tion energies for all these diatomic halides are given in Tabld 23, state is again bound, but with a larger (equilibrium

1. A comparison of calculated and experimental values ofnternuclear distangevalue.

equilibrium bond lengths, associated vibrational frequencies The calculations show large charge separation in the neu-
and their anharmonicities are given in Table 2. tral ground state of GaF. This charge separation becomes less

TaBLE 2. Comparison of experimental and calculated vibrational frequencies, anharmonicities, and equilibrium bond lengths

Electronic we (EXP) w, (calc) weXe (EXP) weX, (calc) re (EXP) re (calc)
Molecule states (cm™Y) (cm™} (cm™Y) (cm™Y) (a.u) (a.u) References
GaF X3t 622.10 592 3.286 3.1 1.774 1.802 32, 57, 69
I 663.0° — 2.2 — 1.747 1.763 16, 17, 41, 69
662.7 1.5 — 1.748
GaF X3+ — 655.0 — 45 — 1.733 32
B23* — — — — — 2.072 32
GaCl X3+ 365.7 342.0 1.249 1.2 2.202 2.253 32, 55, 69
11 395.F 372.8 2.3 — 2.14F 2.158 24, 28, 31, 32, 41, 69
394.7 2.3 2.140
GacCl* X3+ — 390.0 — — — 2.157 32
B2 — — — — — 2.353 32
GaBr X3+ 266.70 251.0 0.83 0.7 2.349 2.385 20, 32, 41, 69
11 275.8 263.9 2.28 — 2.290" 2.312 20, 27, 41, 69
274.8 2.60° 2.292
GaBr" X3+ — — — — — 2.337 32
B23* — — — — — 2.480 32
Gal X3+ 216.6 208.0 0.50 0.5 2.576 2.549 29, 32, 68, 69
I 193.8 213.F 2.12 — 2.527 2.531 27, 41, 69
184.% 2.3 2.54%
Gal* X3+ — — — — — 2.565 32
B23* — — — — — 2.597 32

dConstant corresponding 1, state.
bConstant corresponding fiil; state.
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DIATOMIC GALLIUM HALIDES 27

important in Gal. Niessén has made a Green’s function value of D, for GaBr as ~34375+200cm’® (4.26
calculation for GaCl. In the optical -emission study, 1002 ey which is consistent with the best value reported
Glenewinkel-Meyeret al.”® have observed a transition from gg/jjer682.68b

X237 -B 2357 for gallium halide cations, but no vibrational gg

structure has been resolved. These transitions were located atrecently, Saksenat al?® determined the dissociation en-

3.9 eVin GaF, 4.1 eV in GaCl, and 3.8 eV in GaBi.  ¢rgy for Gal by extrapolation. They have confirmed the re-
These data are compared with the results of photoelectrog,t of Barrow® that the ground state of Gal dissociates into
spectra of these species. The agreement for'‘Gafound to Ga(®Py,)+1 (3Py,) [with both the atoms in their ground
be rather poor, however for GaClnd GaBf, the results  gtatg while the ASI, and B°II, dissociate into
from both techniques agree well. In GaGind GaBr, these  Gg+ (2p,,)+1 (2Py,) [with Ga in the excited state and I in
workers have observed an additional st@€ll, which  the ground stafe Recently, Duttaet al“® calculated the
could not be obs3e2rved in the photoelectron spectra reportegtound stateD,, using ab initio based MRDCI calculations
by Grabandet al. from the depth of the potential well, and it is around 3.34 eV
as compared with the experimental value of 3.47 eV obtained
from thermochemical and spectroscopic investigatiéns.
These values of ground state dissociation energies of these
The dissociation energies of the diatomic gallium halidesdiatomic molecules were also given in Gayéf8rand Huber
in the gas phase have been reported by Baftdiem ther-  and Herzberg® The values oD, in gallium monohalides
mochemical and spectroscopic data. He has presented tHecrease as the mass of the halogen atoms increases. We
various estimates of dissociation energies for most of th&&commend the value of ground state dissociation energy for
IIA group monohalides. He has made the following obser-these molecules given in Huber and Herzifgrhe atomic
vations: dissociation products for the ground and low-lying excited
(1) The estimates of the dissociation energy obtained bytates is rather ambiguous and difficult to decide, however, it
linear extrapolation of the vibrational levels in the groundis expected that the dissociation products for the low-lying
state are only, on average, about 0.7 of the true values. ThRxcited states in most of these molecules are excited metal
has been attributed to the high degree of ionic bonding in th&tom and ground state halogen.
ground state of this group of molecules. We have also calculated the ground state dissociation en-
(2) It has been shown that in some cases similar moleculz@rgy, for all these molecules usinBe= w3/4wexe, Making
states of different molecules are not necessarily to be corrdise of the recent available values of the vibrational param-
lated with atomic products in the same states of excitationéters and have compared it with the experimental values for
This, too, has a bearing on the determination of the dissocide- A large discrepancy is observed between the extrapo-

2.3. Dissociation Energy

tion energy of molecules in other groups. lated value and the experimental value for GaF, GaCl, and
These calculations have been discussed in our earlier réaBr, but for Gal this discrepancy is small. However, this

view on indium monohalides. discrepancy in Gal is larger in comparison to Inl.

GaF Most recently Yadav and Sin§h™® calculated the

Murad et al®” have reported the thermochemical andRydberg—Klein—Rees potentials for the observed vibrational

spectroscopic value d, for GaF as 5.9836 and 6.3738 eV, levels of the ground electronic state as well as low lying
respectively. No further investigations for dissociation en-excited states of all diatomic gallium halides using &re1
ergy of GaF molecule was found in the literature. code of LeRoy! We have also determined the centrifugal
GacCl distortion constants for the above states of GaCl, GaBr, and
Spectroscopic value of dissociation energy for GaCl wag>al molecules. All these values are given in Tables 3 and 4.
reported by Barrow? To the best of our knowledge no recent The values of the dissociation energy reported by different
experimental values are found in literature. More recentlyauthors are given in Table 5.
Yang et al**® have performed arab initio study of the

ground state of this molecule and reported Ehevalues for 2 4. lonic Character of the Bond in Gallium

GaCl using MRCISD, MRCISB Q, and MRAQCC calcula- Monohalides

tions as 4.97 4.98, and 5.06 eV, respectively. These values

are very close to the best experimeriigl value. Kim and Balasubramanidh® have performedab initio
GaBr complete active space calculations and investigated the

The dissociation energy for GaBr was also reported byground and excited electronic state structures of GaCl and
Barrow!® Recently we have analyzed the fluctuation bandsGaBr. They show that the ground state of GaBr has a strong
ascribed to the€—X transition of GaBr and extrapolated the ionic character with the polarity GaBr~ since the total
potential energy curve for th€ state of GaBr. The dissocia- gross population of the gallium atom is much below 3.0. The
tion limit of GaBr was estimated as 3520@00 cm ! and  contribution of the Gal orbital in the ground state is appre-
this dissociation limit is expected to correspond to the de<ciable (0.12), indicating that the polarization effects make a
composition of GaBr into Ga (?P,) + Br (°P;,) with an  significant contribution to the ionic ground state. In Sec. 2.3,
excitation energy 825 cnt. This yields the ground state it was mentioned that a large discrepancy between the ob-
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TasLE 3. RKR potential energy curve and centrifugal distortion constants for the groundXstaté gallium halides

\ Gv Bv I min I max
69Ga19|:

0 310.3863 0.358 10 1.717 26 1.838 20

1 925.9183 0.35524 1.679 37 1.668 17

2 1534.8783 0.352 38 1.655 05 1.927 86

3 2137.2663 0.34951 1.636 28 1.960 54

4 2733.0823 0.346 65 1.620 76 1.99011

5 3322.3263 0.34378 1.607 43 2.017 65

6 3904.9983 0.34092 1.59568 2.04372

7 4481.0983 0.338 05 1.58518 2.068 72

8 5050.6263 0.33519 1.57565 2.092 87

9 5613.5823 0.33233 1.566 94 2.116 37

10 6169.9663 0.329 46 1.558 90 2.13934

11 6719.7783 0.326 59 1.55145 2.16188

Y G, I min Fmax B, D,*1E+7 H,*1E+14
Ga®cl:

0 182.5828 2.141334 9073 2.267 620 8867 0.149516 0047 1.006 8433 —1.088 3955

1 545.7551 2.100 534 9629 2.3198715961 0.148 722 4127 1.004 8643 —1.204 1363

2 906.4304 2.073978 0163 2.357 950 7299 0.147 928 8187 1.002 9267 —1.320 9916

3 1264.6087 2.053 2752774 2.390 247 9993 0.147 135 2227 1.001 0301 —1.4388913

4 1620.2899 2.035 993 2896 2.419 197 8006 0.146 341 6246 0.999 1788 —1.557 6818

5 1973.4742 2.021 020 8654 2.445912 2800 0.145 548 0245 0.997 3730 —1.677 1907

6 2324.1614 2.007 740 3653 2.471 010 0547 0.144 754 4224 0.995 6137 —1.798 3378

7 2672.3516 1.995 766 7079 2.494 877 2039 0.143 960 8183 0.993 9030 —1.920 5006

8 3018.0448 1.984 840 7823 2.517 773 8566 0.143 167 2122 0.992 2415 —2.044 4173

9 3361.2409 1.974 778 4540 2.539 885 1867 0.142 373 6041 0.990 6255 —2.173 1205

10 3701.9402 1.965 443 3724 2.561 348 6057 0.141579 9939 0.989 0449 —2.3131424

11 4040.1428 1.956 731 2693 2.582 269 4647 0.140 786 3817 0.987 4699 —2.47777909

Vv G, I min I max B, D,*1E+8 H,*1E+16
69Ga7QBr

0 133.1730 2.292 692 2613 2.410 057 7841 0.082 8710070 3.2207678 4.714 819

1 398.4270 2.253 8531177 2.457 601 3080 0.082 566 7830 3.226 4854 4.339 748

2 662.2250 2.228 280 2435 2.491 922 7973 0.082 262 3510 3.232 3449 3.737 093

3 924.5670 2.208 1654124 2.520832 1851 0.081 957 6150 3.238 3067 2.890 038

4 1185.4530 2.191 242 9801 2.546 596 8471 0.081 652 4790 3.244 3255 1.772 909

5 1444.8830 2.176 478 2430 2.570 253 2430 0.081 346 8470 3.250 3605 0.377 849

6 1702.8570 2.163 296 0982 2.592 378 2569 0.081 040 6230 3.256 3651 —1.338611

7 1959.3750 2.151 3380753 2.613 332 1666 0.080 7337110 3.262 2896 —3.386 325

8 2214.4370 2.140 363 0875 2.633 357 8922 0.080 426 0150 3.268 0827 —5.826 901

9 2468.0430 2.130 199 9382 2.652 628 4909 0.080 117 4390 3.2736722 —8.375377

10 2720.1930 2.120 721 9900 2.671272 4878 0.079 807 8870 3.2789626  —12.231541

11 2970.8870 2.111 832 5356 2.689 388 5067 0.079 497 2630 3.2837924  —16.458372

12 3220.1250 2.103 455 8145 2.707 054 2531 0.079 1854710 3.2878599  —21.406 934

13 3467.9070 2.095531 2233 2.724 332 3046 0.078 872 4150 3.2905799  —26.622 465

v G, I min I max B, D,*1E+8 H,*1E+16
GQGa127|

0 108.1873 2.518 586 7197 2.636 773 7959 0.056 800 5461 1.570 3031 —4.771 6389

1 323.7856 2.479 354 2477 2.684 448 2828 0.056 611 6149 1.5705351 —5.072 0981

2 538.3873 2.453 496 3018 2.718 783 5386 0.056 422 6525 1.5708138 —5.371 2594

3 751.9873 2.433 144 9289 2.747 647 8193 0.056 233 6589 1.571 1410 —5.669 4086

4 964.5873 2.416 015 7535 2.773 3258081 0.056 044 6341 1.571 5167 —5.968 5610

5 1176.1873 2.401 064 8089 2.796 861 7829 0.055 8555781 1.571 9386 —6.277 8295

6 1386.7873 2.387 711 3679 2.818 836 7868 0.055 666 4909 1.572 3948 —6.625 8352

7 1596.3873 2.375593 0925 2.8396134776 0.055 477 3725 1.572 8478 —7.083 7403

8 1804.9873 2.364 466 0009 2.859 436 1615 0.055 288 2289 1.573 1950 —7.774 5442

9 2012.5873 2.354 156 5903 2.878478 6701 0.055 099 0421 15731874 —8.810 2539
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TasLE 4. RKR potential energy curves and centrifugal distortion constants foh &, andB °I1; of gallium halides
Vv G, B, I min I max
A state of %Gal'%F
0 331.4881 0.369 40 1.69172 1.808 85
1 990.1281 0.366 40 1.65534 1.858 66
2 1644.4081 0.363 40 1.63218 1.895 35
3 2294.3281 0.360 40 1.614 45 1.926 70
4 2939.8881 0.357 40 1.599 92 1.954 97
5 3581.0881 0.354 40 1.587 55 1.98117
6 4217.9281 0.35140 1.576 77 2.005 89
7 4850.4081 0.348 40 1.567 23 2.029 49
8 5478.5281 0.345 40 1.558 67 2.052 20
9 6102.2881 0.342 40 1.550 94 2.074 20
10 6721.6881 0.33940 1.54391 2.095 62
11 7336.7281 0.336 40 1.537 48 2.116 55
12 7947.4081 0.33360 1.53157 2.137 07
13 8553.7281 0.33040 1.526 13 2.157 25
B state of °Ga'’F
0 331.3957 0.37040 1.689 34 1.806 52
1 990.5957 0.367 40 1.65303 1.856 21
2 1646.8957 0.364 40 1.629 97 1.89273
3 2300.2957 0.36140 1.612 40 1.923 86
4 2950.7957 0.358 40 1.598 05 1.95185
5 3598.3957 0.35540 1.585 88 1.97774
6 4243.0957 0.35240 1.57532 2.002 11
7 4884.8957 0.349 40 1.566 02 2.025 32
8 5523.7957 0.346 40 1.55772 2.047 60
9 6159.7957 0.34340 1.550 27 2.069 14
10 6792.8957 0.34040 1.543 53 2.090 06
11 7423.0957 0.33740 1.537 40 2.11046
12 8050.3957 0.334 40 1.531 82 2.13041
13 8674.7957 0.33140 1.526 71 2.149 98
Vv G, I min oo B, D,*1E+7 H,*1E+14
A state of %°Ga®Cl
0 196.9832 2.083 701 4610 2.205 2859414 0.157 959 2239 1.024 7285 —4.972 5603
1 587.5001 2.045 188 1533 2.256 828 0674 0.156 907 5143 1.0355571 —4.972 7932
2 973.3017 2.020 273 2364 2.294 899 0288 0.155 855 5922 1.048 7436 —4.898 4413
3 1354.2817 2.000901 7776 2.327 559 1178 0.154 803 4546 1.064 4554 —4.742 3677
4 1730.3341 1.984 738 5510 2.357 149 2241 0.153 751 0984 1.082 8949 —4.479 8010
5 2101.3526 1.970716 5354 2.384 742 3656 0.152 698 5208 1.104 2610 —4.126 8857
6 2467.2310 1.958 241 5166 2.410939 1161 0.151 645 7187 1.128 6756 —3.699 2945
7 2827.8630 1.946 941 7746 2.436 117 9522 0.150 592 6891 1.156 1038 —3.374 4742
8 3183.1426 1.936 565 9132 2.460 537 4614 0.149 539 4289 1.185 8068 —3.629 1816
9 3532.9635 1.926 933 9955 2.484 385 2492 0.148 485 9353 1.215 6895 —5.539 0536
10 3877.2195 1.917 911 4900 2.507 804 0400 0.147 432 2052 1.241 0339 —11.077681
11 4215.8043 1.909 394 2204 2.530 906 7804 0.146 378 2356 1.253 4200 —22.827 272
12 4548.6119 1.901 299 1187 2.553 785 9464 0.145 324 0234 1.2409431 —42.505 165
13 4875.5360 1.893 558 2542 2.576 519 5809 0.144 269 5658 1.191 3921 —68.370 020
Vv G, I min Rinax B, D,*1E+7 H,*1E+14
B state of %°Ga®Cl
0 196.7764 2.082 650 5908 2.204 303 1620 0.158 107 4935 1.029 8675 —5.1758632
1 586.8478 2.044 160 8105 2.255 925 3317 0.157 043 5745 1.040 8025 —5.170 0967
2 972.1627 2.019 2721702 2.294 074 3549 0.155 979 6555 1.054 4121 —5.078 9457
3 1352.5981 1.999 924 9755 2.326 815 7345 0.154 915 7365 1.070 8894 —4.894 3152
4 1728.0309 1.983 782 0985 2.356 492 7518 0.153851 8175 1.0904718 —4.586 4887
5 2098.3383 1.969 775 2690 2.384 180 2075 0.152 787 8985 1.113 3914 —4.174 4850
6 2463.3972 1.957 309 2597 2.410480 2742 0.151 723 9795 1.1397913 —3.678 1691
7 2823.0846 1.946 011 4333 2.435 7729898 0.150 660 0605 1.169 6354 —3.303 7970
8 3177.2774 1.935 629 5092 2.460 318 5375 0.149 596 1415 1.202 0664 —3.608 0682
9 3525.8528 1.925 982 6640 2.484 306 1967 0.148 532 2225 1.234 6697 —5.8330136
10 3868.6877 1.916 935 4545 2.507 8804788 0.147 468 3035 1.262 0639 —12.212 9860
11 4205.6591 1.908 382 7503 2.531 156 2609 0.146 404 3845 1.274 8381 —25.556 578
12 4536.6439 1.900 2404713 2.554 228 1196 0.145 340 4655 1.260 1337 —47.445 270
13 4861.5193 1.892 439 6029 2.577 176 4081 0.144 276 5465 1.205 5986 —75.328471

J. Phys. Chem. Ref. Data, Vol. 34, No. 1, 2005



30

V. B. SINGH

TasLE 4. RKR potential energy curves and centrifugal distortion constants foA ti&, andB I1; of gallium halides—Continued

v G, F min Rinax B, D,*1E+8 H,*1E+14

A state of %Ga’Br

0 136.7615 2.234971 4774 2.350 846 2146 0.087 116 0032 3.568 5170 —1.766 7833

1 407.8605 2.198 2739571 2.362 767 9539 0.086 577 1932 3.618 9424 —1.771 3327

2 675.5875 2.174514 0513 2.399 983 9725 0.086 038 1692 3.685 9594 —1.746 9862

3 939.7745 2.156 008 0444 2.436 304 2359 0.085 498 8353 3.770 9415 —1.690 1640

4 1200.2535 2.140 524 3047 2.467 499 6786 0.084 959 0952 3.8755812 —1.586 4953

5 1456.8565 2.127 040 2783 2.495 811 4655 0.084 418 8532 4.001 9092 —1.432 9442

6 1709.4155 2.114 984 1292 2.522 272 3303 0.083 878 0132 4.152 0981 —1.207 6730

7 1957.7625 2.103 995 9855 2.547 465 0190 0.083 336 4792 4.329 0852 —0.900 3593

8 2201.7295 2.093 8304226 2.5717611373 0.082 794 1553 4.535 6725 —0.497 7058

9 2441.1485 2.084 309 7695 2.595 418 7782 0.082 250 9452 4.775 1229 0.005 3585
10 2675.8515 2.075299 1620 2.618 629 3403 0.081 706 7532 5.050 1587 0.5794751
11 2905.6705 2.066 692 0808 2.641 542 6230 0.081 161 4832 5.362 5297 1.148 4549
12 3130.4375 2.058 401 4113 2.664 281 4591 0.080 615 0392 5.712 2784 1.543 5373
13 3349.9845 2.050 353 6113 2.686 950 8577 0.080 067 3253 6.097 9869 1.479 3959
Vv G, F min oo B, D,*1E+8 H,*1E+14

B state of ®°Ga’*Br

0 135.5859 2.236 988 2375 2.353368 4164 0.086 941 9663 3.6108391 —1.894 3197

1 404.2586 2.200 216 9254 2.402 849 2977 0.086 390 9562 3.666 9528 —1.893 9292

2 679.4344 2.176 423 0457 2.439 478 2431 0.085 8398763 3.743 0362 —1.854 4496

3 930.9115 2.157 888 7141 2.470982 2335 0.085 288 7263 3.840 9542 —1.7707570

4 1188.5029 2.142 370 6940 2.499 614 2848 0.084 737 5063 3.962 9627 —1.622 6586

5 1441.9996 2.128 839 6726 2.526 414 2697 0.084 186 2163 4,111 8814 —1.404 4673

6 1691.2074 2.116 718 7307 2.551 970 5599 0.083 634 8563 4.290 7417 —1.084 3535

7 1935.9281 2.105 643 5675 2.576 659 9317 0.083 083 4263 4.503 6898 —0.643 2035

8 2175.9639 2.095 364 5394 2.600 745 6797 0.082 531 9262 4.754 8988 —0.0551271

9 2411.1166 2.085 699 7265 2.624 424 7293 0.081 980 3563 5.049 3523 0.699 6419
10 2641.1884 2.076 509 8249 2.647 852 9541 0.081 428 7163 5.391 6813 1.599 9495
11 2865.9811 2.067 683 5589 2.671 160 0153 0.080 877 0063 5.785 6203 2.566 2676
12 3085.2969 2.059 128 6224 2.694 458 7184 0.080 325 2263 6.232 9070 3.3859924
13 3298.9376 2.050 765 7260 2.717 851 3265 0.079773 3762 6.733 3118 3.669 7375
A state of %°%Ga'?’|

0 96.4409 2.469 425 0248 2.594 847 9007 0.058 805 2.231 3503 —2.714 7348

1 285.9379 2.432 291 2838 2.651 597 6350 0.058 235 2.314 7111 —2.816 2281

2 470.8589 2.408 868 5376 2.694 940 8788 0.057 665 2.427 5607 —2.866 5362

3 650.9399 2.390 888 8282 2.733 1725841 0.057 095 2.575 9057 —2.8832274

4 825.9169 2.375939 7390 2.768 7357431 0.056 525 2.765 5006 —2.770 3981

5 995.5259 2.362901 8748 2.802 784 6795 0.055 955 3.008 0670 —2.501 2193

6 1159.5029 2.351 133 9490 2.836 000 9365 0.055 385 3.313 4266 —1.989 9261

7 1317.5839 2.340 2157970 2.868 851 5120 0.054 815 3.699 0444 —1.034 4007

8 1469.5049 2.329 842 6416 2.901 696 2114 0.054 245 4,186 2261 0.551 60401
9 1615.0019 2.319773 4422 2.934 841 4257 0.053 675 4.803 4930 3.143 2161
B state of %°Ga'?"l

0 91.6356 2.485 317 4234 2.613 951 1665 0.057 997 9405 2.384 6460 —3.113 1551

1 271.2019 2.447 241 3747 2.672 651 8038 0.057 411 1675 2.523 0011 —3.216 1754

2 445.4531 2.423 054 4732 2.717 834 8329 0.056 824 3945 2.719 5407 —3.198 3840

3 613.9194 2.404 256 3750 2.758 048 2172 0.056 237 6215 2.990 7193 —3.029 1269

4 776.2106 2.388 340 8445 2.795 854 3848 0.055 650 8485 3.354 6575 —2.509 5855

5 931.3169 2.374 117 8911 2.8325106473 0.055 064 0755 3.844 7315 —1.343 0864

6 1080.3081 2.360 876 3700 2.868 810 0971 0.054 477 3025 4.503 4114 0.976 6897
7 1221.2344 2.348 117 0167 2.905 353 4668 0.053 890 5295 5.398 9594 5.576 5226
8 1354.1456 2.335 438 7245 2.942 669 8639 0.053 303 7565 6.634 5716 14.487 741
9 1478.5919 2.322 477 6101 2.981 288 0277 0.052 716 9835 8.375 1099 32.002514
10 1594.1231 2.308 865 1653 3.021 793 8590 0.052 130 2105 10.888 894 66.238 814
11 1700.2894 2.294 190 0448 3.064 893 3477 0.051 543 4375 14.639 267 131.396 35

served and extrapolated values of ground sixteof GaF, There are several empirical expressions given in the
GaCl, and GaBr is obtained, indicating that the ground statekteraturé?~">to calculate the percentage ionic character of a
for these molecules have ionic contribution. However, nobond as calculated for InX molecules in our earlier review.
naturally occurring molecule is purely ionic bonded and weThe calculated values of the ionic character for GaF, GacCl,
have to define a partial ionic character to denote departur&aBr, and Gal using the above mentioned expressions are
from covalency. given in Table 6. These calculations indicate that the ionic
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TaBLE 5. Ground state dissociation ener@V) of gallium monohalides using different methods

Values based on the levels il staté

Thermochemical Extrapolated Best values Best values Best values
value (Barrow et all® Predissociation suggested by suggested by suggested by
Molecule (Barrow et al9) and Saksenat al?) (Griffith et al?®) Barrow et all® Gaydofi® Huber and Herzbef§®
GaF 5.98 6.24 — 6.24 6.10 5.98
GacCl — 6.90 4.98 4.92 4.94 4.92
4.99°

GaBr — 4.31 — 4.31 4.35 4.31

428}
Gal — 3.944 — 3.47 3.46 3.47

3.20

aSymbols in table are as follow$§E) From analysis of fluctuation band&CA) From maximum of absorption continuurggh) ab initio values obtained from
MRAQCC calculations; andR) Recently derived value obtained from extrapolation of potential energy cur@'bf state.

forces make a larger contribution to the bonding in therotational and potential constants of Gal. Nair and HBeft

ground state for heavier IlIA halides. further measured thé= 3+ 2 rotational transition of Gal in
the 10 GHz frequency region and derived molecular param-
3. Microwave Spectroscopic Studies eters for®%Gal and’'Gal from the analysis of the hyperfine

structure. They have made some interesting intercomparisons
The investigation of microwave spectra has provided &f the available data for Al, Ga, and In monohalides, which
large amount of information on the structure of gaseous Mopaye heen already discussed in our earlier reviGystem-
lecular species. In this concern, the studies of diatomic Mol \/ariations in the quadrupole coupling constants in llIA

ecules are of basic interest because of the significant Varifﬁalides have been observed. Nair and Héfave also com-

tions in the bonding character causing r_emquable changes LU theeqQ values of AlX with CIX, of GaX with BrX,
molecular parameters such as electric dipole moment or

nuclear quadrupole coupling constants which can be mezﬁnd of InX V_V'th IX (Where X=F, _C" Br, and ) and have
sured by microwave spectroscopy. Microwave studies ofn@de an interesting observation  thafo(IX)/qe(InX),
GaCl, GaBr, and Gal have been performed by Barrett ando(BrX)/do(GaX), andqo(CIX)/go(AlX) are quite close to 5,
Mandef?® while the first measurements on the microwavewhich is the number op electrons in the halogens in con-
spectra of®®GaF and’!GaF were performed by Hoeft and trast to only onenp electron in the metal. In fact, the ratio
co-workers** Lovas and Tiemarffi reported corrections to decreases somewhat as X changes from F to | and is the
the assignment of quantum numbers made by Barrett angrgest forgg(CIX)/gy(AlIX). Similarly a comparison of the
Mandel*’ The new analysis resulted in more reliable hyper-ratic  eq,Q  (XF)leqQ (XI);  eqQ (XCl)/eqQ (XI):

fine structure parameters which are in better agreement Witgqu (XBr)/eq,Q(XI) for X=I, Br, Cl, and In, Ga, Al shows

the systematic trends in this group of molecules. Tiemanfy, ¢ the ratio is largest for the fluorides and decreases as we
etal.” have studied the hyperfine structure with enhance%o to the heavier X. These ratios are consistent with the

resolution in all the four isotopic species of GaCl in severalex ectation that E will carrv a larger negative charge in the
vibrational states. They determined the Dunham coefficients, P Y 9 9 9

and nuclear quadrupole and magnetic coupling constants S?etal halides than would Cl, Br, and I, and also that whenlx
the Ga and Cl isotopes. Plafé¢ al*® measured the rotational changes from Alto In or from Cl to I, the percentage contri-
transitionsl= 2«1 of GaBr at 10 GHz and refined the cou- bution of the purely ionic structure would diminish. The

pling constants by more than 1 order of magnitude. Naifmost obvious explanation far, (VIILVII )/gg (HIAVII) be-

et al>® improving and extending the previous studies of theing large is that the additional VII group element contributes
millimeter wave rotational structures of Gal, determined the5 electrons to the bonding region, whereas the IIIA group

TABLE 6. lonic character for gallium monohalides

Percentage ionic character .
From the relation

Molecules Kg+Xa)?2 (Xg—Xa)? Hanny and Smytff Pauling® Wilmshurst* Batsanov and Durakd¥ I.C.=ulel
GaF 5.6 2.4 58.56 68.56 42.86 68.40 76.6928.795
GaCl 4.6 1.4 29.26 29.73 30.43 32.43 61.37
GaBr 4.4 1.2 24.24 22.83 27.27 25.02 59.47
Gal 4.1 0.9 17.24 13.57 21.95 14.96 55.12

g is the electronegativity of the more electronegative atom Bnds that for the atom A.
bu is the dipole momente is the electronic charge; is the internuclear distance.
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TaBLE 7. Molecular constants of thé 13+, A3, B °II,, andC I, states of gallium monohalides

Electronic Te we ®eXe ®eYe B. a.X10* D X 10 BeX 10%°
Molecule states (cm™) (cm™) (cm™) (cm™) (cm™ (cm™) (cm™) (cm™) References
69GaF X3+ 0.0 622.104 3.286 — 0.359 535 0.286 4235 0.479 94 0.103 57
A°Il, 3310550  663.000 2.180 — 0.370 900 30.00 0.4640 — 16, 17
B M, 33427.80  662.100 1.450 — 0.371 900 30.00 0.4690 — 16, 17
c 1 47365.37  540.960 8.972 — 0.363 470 48.78 0.6560 — 23
"Ga'r X3+ 0.0 620.280 3.277 — 0.357 346 0.283 8035 0.4740 9.5 57
69Gas*Cl Xis* 0.0 365.668 1.249 — 0.149913 7.9359 0.100 77 2.018173 55
A3, 29524.47  395.130 2.278 —0.0177 0.158 485 19.17 0.1010 — 24, 28, 31
B M, 29856.60  394.710 2.286 —0.0205 0.158 640 10.3528 0.0980 — 28, 31
cll 40261.00  120.000 —
69Ga%"Cl X3+ 0.0 369.033 1.204 — 0.144 540 7.51299 9.369 32 1.841374 55
"Ga%cl X3+ 0.0 363.970 1.239 — 0.148 491 7.82300 9.885 1.894 55
"Ga%cl Xzt 0.0 357.301  1.192 — 0.143118 7.4020 9.4839 1.798 55
6%Ga’Br XIs* 0.0 266.710 0.830 — 0.082 797 3.266 77 3.245 756 — 20
A°TI, 28162.53  274.310 1560 —0.028 0.085 830 6.604 09 3.326 18 — 20, 27
B °I1, 28532.92  274.980 1.600 —0.033 0.085 710 7.201 44 3.34005 — 20, 27
6%Ga'? X3+ 0.0 216.600 0.500 — 0.056 895 1.8890 1.5600 — 68
A°Il, 2557221  193.820 2.090 —0.044 0.059 090 5.700 — — 27
B M, 25900.54  184.450 2.320 —0.750 0.0580 B,) — — — 27
"Ga'?1 X3+ 0.0 214.640 0.460 — 0.055 860 1.290 — — 29, 30
AZII, 2557221  190.670 1510 —0.080 0.057 950 4.580 — — 29, 30
B3I, 25900.54  183.490 2.680 — — — — — 29, 30

atom contributes only 1. However, the fact that the ratios ar@bserved for the InF, InCl, and TIF molecules. Most recently,

often significantly less than 5 shows that this simple interLentheet al®” have performed DFT calculations to evaluate

pretation is not totally correct. nuclear quadrupole coupling constants of a number of di-
Hoeft and Nait* have observed the microwave spectra ofatomic metal halides including GaX molecules. The ground

four natural isotopic species of GaCl in the frequency regiorstate molecular constants obtained from the recent micro-

256-296 GHz in vibrational states upue-6. The rotational wave studies are given in Table 7, whereas the recent values

states observed involved quantum number ud#c34. Fi-  of the nuclear quadrupole coupling constants are given in

nally they derived the extended set of Dunham parametersable 8.

and the parameters for the Dunham potential. They also de-

termined the values ob, and wX.. Recently these same ] ) .

authors have studied the millimeter wave rotational spectra4- Properties of Low-Lying Excited States

of GaF in the frequency region 250—-300 G#Z he analysis

with high frequency rotational transitions have given im- The general behavior of spectrum of gallium monohalides

proved and extended sets of Dunham molecular parameteris. very similar to one described for indium monohalidés.

They also determined the Dunham constants which descritiie five excited bound state 11, , A3l , B3I, °II,,

the ground state potential in the vicinity of the potentialand C *I1,), only the transition fromA 31, , B3II,, and

minimum. No observable breakdown of the Born—C I, states to the ground state are allow@s shown in

Oppenheimer approximation for the two isotopic species ofig. 1 in our earlier review on the indium monohaligiés

GaF has been noticed in the limits of experimental errors, a¥hese have been observed experimentally. The lowest triplet

TasLE 8. Nuclear quadrupole coupling constants and spin rotation constant of gallium monohalides

GQGalgF 69Ga35c| 69Ga7QBr 69Ga127|
Spectroscopic constants (X=1%) (X=35¢l) (X="%Br) (X=127) Reference
eQ0za/MHz —106.52 —-92.10 —86.53 —81.073 47, 49, 50, 52
—106.29 —95.58 —87.44 —81.98 57
eQay /MHz — —-13.20 105.78 —369.35 53
—12.80 101.90 —355.40 57
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excited state’Il and the lowest singlet excited statd of  Gal scalar ZORA relativistic corrections are needed. The
gallium monohalides correspond to the following lowest ex-spectroscopic constants, w., T, and IP reported by Yang
cited electronic configurationas given for the indium et al** are summarized in Table 2.

monohalides?

g%g%w?g’%ﬂ'% 4.1.2. GaCl

These low-lying excited states involve a single excitation Patrikaln and Hochbet§ were the first to observe the
..... o3mi—.....osmiws. Dutta et al®® have analyzed the electronic spectrum of GaCl in absorption in the region 320—
SCF—MOs to explain the decrease of the internuclear dis350 nm. Miescher and Wehtfi'® observed this spectrum in
tance of Gal in the’ll state as compared with its ground emission as well as in absorption and confirmed the assign-
state value. The 8 MO is mostly composed of s orbital of ment of the spectrum to GaCl. They showed that violet de-
Ga andp, atomic orbitals of Ga and I. The contribution of graded bands seen in the region 322-347 nm belonged to
the iodine orbitals inr5 is found to be larger than that of the two overlapping system& *I1,—X '3 * andB3I1,-X '3,
gallium atom. On the other hand, the MO is antibonding They made vibrational analysis for these two systems. Levin
with respect top,,, orbitals of Ga and I and in the, MO,  and Winan§* recorded the absorption spectrum of GaCl at
the atomic orbitals of Ga contribute more than that of I.high resolution and analyzed the vibrational structure in
Upon 03— m, excitation, the, orbital is stabilized at a greater detail. They also analyzed the rotational structure of
shorter value of internuclear distance In addition, there is  the 0—0 band of thé&—X as well as the 0-0 and 0—1 bands
a charge transfer from iodine to gallium, which enhances th@f the B—X system and derived the rotational constants for
multiple bond character of the Ga—I band. As a result, théhese states. Bartky made some corrections to the Levin
equilibrium internuclear distanag in the3IT state is shorter and Winan&® analysis and obtained a better agreement with
than that of the ground state. the microwaz\ie data of Barrett and Mand&lRecently,

Mabhieu et al=" recorded the emission spectrum of GaCl at
4.1. The A-Xand B—X Systems much higher resolution, analyzed the rotational structure of

The existence of the first excited stafd$ was known in  Six bands(0-0, 0-1, 0-2, 1-0, 2-0, 2)}-bf the A—X sys-

the other IIIA monohalides and these states are fairly stablgM, and determined the rotational constants of the states
for gallium monohalides, similar to In—monohalides. involved. More recently Saksena and co-work&?S used

isotopically puré®®Ga and recorded the emission spectrum of
89GaCl at high resolution. The bands of tAe-X transition
4.1.1. GaF are violet degraded but single headed, whereas the bands of
B—X transitions also violet degraded show two heads. These
For GaF, theA ®I1,—X 1> " andB 3I[1,-X 13" transitions  authors reported many new bands of theX and B—X
give rise to electronic band systems in the spectral regiosystems with some line like red degraded bands which over-
290-310 nm. The electronic spectrum in this region was firstapped the known bands #&-X andB—X systems. Forma-
studied by Barrow and co-worket%:}’ They observed weak tion of a head of heads is also observed. The rotational analy-
violet degraded bands of two kinds, single and doublesis of 0-0, 1-0, 2—1, and 3—-2 bands of tWéll,—X 3 *
headed. The Ga isotope effect in GaF has been resolved asgstem and the 0-0, 0-1, and 0-2 bands of the
the vibrational constants fok, B3Il ;, states of°GaF are B3[1;-X'3* system of®*GaCl has been performed and
obtained. Barrowet al? performed a rotational analysis of more precise vibrational and rotational constants for Ahe
some bands oA—X and B—X electronic band systems of and B states have been determined. The 0-0 band of the
89%GaF observed in by a mixture of Ga and AlReated to A—X transition is overlapped strongly by the 0—1 band of
1000 °C. The reported molecular constants are given in Tablthe B—X system, while the 1-0, 2—-1, and 3-2 bands of
7. A-X transition are weak and overlapped by the 0—0 band of
The spectroscopic constants of the ground and first exciteB—X transition, therefore rotational analysis of these bands
states of gallium monohalides molecules have been calcurave been performed with some difficulty. The high resolu-
lated using the DFT with different LDA and GGA by Yang tion spectra study of GaCl reported by the group of
et al*! recently for the first time. The calculations were per- Saksen®*is unique due to use of monoisotopic GaCl. The
formed using eight different methods to obtainandw, of  recent reported molecular constants for all isotopic species of
GaX molecules and they have also estimated the mean absGaCl are given in Table 7.
lute error. It has been observed that the result, obtained when In addition to DFT study on the ground and first excited
GGA is not involved, is closest to the experimental valuesstates of gallium monohalides reported by Yastgl* most
The errors irr, are less than 0.01 A and the errorssipare  recently an all electron relativistic calculation on the ground
less than 50.00 ciit. Use of GGAs increase, by 0.03-0.12 and valence excited states of GaCl has been performed by
A and make results ab, smaller by 20—60 cmt. The mean  Yanget al*!® (by the same groupusing extended internally
absolute errors for, andw, are smaller for the ground state contracted multireference electron correlation techniques.
than for the®Il states. In addition, it is seen that for GaF The potential energy curves of all valance states and the
relativistic corrections, are not essential but for GaBr andspectroscopic constants of the bound states are obtained. The
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transition properties of tha—X, B—X, andC—X transitions  both Ga isotopes contribute significantly to the spectrum. In
are predicted. Some main conclusions of their investigationsrder to facilitate vibrational and also rotational analysis, re-
are given as follows: cently Saksena and co-work&ts’investigated the emission
(i) The size—extensivity correction makes an obvious jm-SPectrum of single isotopic speciééGaI at moderate reso-
provement in the spectroscopic constants results. Thleuuon m7th1; 380-450 nm region of the spectrum. The spec-
MRAQCC and other methods improve thie, w,, trum of “Gal was excited using an electrodeless discharge
re, andD, results. Compared with the experimental lamp run atb16?j—18(i w m|cr0\/|\(ave pOMQS'SO M:Z) and
values the errors in the results @f,, r., andD, are many neéw bands not Seen eariier were observea.
~4.30cm?, 0.01 A, and 0.04 eV, respectively. _ The A—X V|b.rat|on.al scheme has now been extended to
(i) The lifetimes of theA ®[1; andB 31, states of GaCl include bands involving’ <15 andy”<25. TheA-X sys-
are on the order of the microseconds, while that Ofte_m is predominantly red degraded. In the higher sequences
C I, state of the GaCl molecule is on the order of With Av=—4, =5, =6..., =12 only R heads are formed.
nanoseconds, implying tha 31, and B3Il are The B—X system is not as extensive as the X system. In
much longer I,ived states thad 1T the B—X system the main head is formed by tRebranch,
t which also has an extra secondary heRd kead. The start-
ing of theQ branch near the origin gives rise to a head like

appearance @ head and later a secondary head is also

The GaBr spectrum was also first observed by Patrikalformed. There is yet another head formed by Béranch.
and Hochberd! Miescher and Wehri?13 investigated the TheB—X panql system is, in general also red degraded. More
spectra of GaBr molecule and attributed the GaBr bands lyP'CIS€ vibrational constants for ti#g B,zgandx states of
ing in the region 340—360 nm to the—X andB—X transi- !Gal have been reported py Sakscemal._ Later the same
tions. Savitryet al2° observed a large number of new bands9roup performed the rotational analysis of the 1-0, 0-0,
of A, B3IIy,—X 13" systems and reported improved vibra- 0—1, and 1-2 bands of the-X system and 00 band of the
tional constants. Rotational analysis of {8e-0) band of the B—X system. They determined the rotational constants of the
31,,—X!S* systems of GaBr has been carried out byA and B states by a simultaneous least-squares fit of the
Borkowska and Zyrnick? and the rotational constanB rotational levels of both states, keeping the ground dBate
andD,, for the involved states were obtained. The constantyalue fixed to the microwave value. The small value of
obtained for the ground states are consistent with the resulf$.’—B,») and the relatively large value ofX,,—D,) with
of microwave studies. Recently Borkowska and Zyrrficki the same sign causes the reversal of the degradation in the
reinvestigated the high resolution emission spectrum in théame band. Later on Borkowska and Zymfckeported the
region 340—370 nm of GaBr excited in a hollow cathode.analysis of theA, B °ITy X *>* transition of the Gal lying
The previous vibrational analysis &f B 31]0’1_)( IS+ tran-  inthe region 370—420 nm. They revised the vibrational num-
sition has been revised and corrected. New vibrational angering of the band heads of the-X andB-X systems of
rotational assignments have been proposed and improvedGal —reported earlier by Lakshminarayana and
constants for the upper and lower electronic states have be&gthumdhava and determined the precise vibrational con-

determined. The reported vibrational and rotational constantgtants forA, B, and X states of the”Gal using the band
for GaBr are listed in Table 7. origin data. Borkowska and Zyrnickihave also performed

the rotational analysis of the 1-0, 2—-1, 0-0, 1-1, 2-2, and
0-1 bands of theA—X system and reported the rotational
constants for theA I, state. These authors also reported
The electronic spectrum of Gal was first studied by Mi-reversal in shading in some of the bands of AeX system.
escher and Wehf#*2 both in emission and in absorption. They also calculated Franck—Condon factors for the bands of
The discrete bands obtained in the 380—420 nm region werdie A—X and B—X systems. It was observed by both group
attributed to two overlapping transitions, namely (Saksena and co-workers and Borkowska and Zyrhitdidt
A®I,-X '3 " andB3II,—X 'S *. Vibrational constants of the bands ofA—X system are intense and well developed,
the A3I1,, B3II;, and X3 * states were determined by whereas the bands &-X system are of lower intensity.
Miescher and Wehr?*3on the basis of band head measure-However, a discrepancy was observed between the molecular
ments from low resolution spectra. Lakshminarayana andonstants reported by Saksena and co-wofRéfsand
Sethumdhava have performed a high resolution study of Borkowska and Zyrnickt! The recently reported molecular
A-X andB-X transitions of Gal. They confirmed the vibra- constants for Gal are included in Table 7. Most recently
tional assignments proposed by Miescher and Wi  Dutta et al*° and Yanget al** have performed theoretical
through isotopic shift measurements. The rotational constardalculations for theA—X and B—X systems of Gal and re-
B, for the B3II, state was estimated on the basis of theported some spectroscopic constants for the states involved.
separation between ttiehead and th€ head taken as band Dutta et al*° have performedab initio MRDCI on the low
origin. Reversal of degradation in a sequence and in differerying electronic states of Gal. Relativistic effective core po-
branches within a band result in secondary heads, several tdntials and spin orbit operators are used in the calculation.
which could not be exactly assigned in the natural Gal aghey calculated the spectroscopic constasgs r, andT,

4.1.3. GaBr

4.1.4. Gal
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for the A, B, andX states and also computed potential en-are observed, whose analysis forms a later chapter of the
ergy curves of 12 low-lying states. The ground state dissothesis and a potential curve for ti@&'Il state of GaBr has
ciation energy of Gal has been estimated and the splittinggeen constructed. For Gal th@'Il state is a completely
among theQ) components of théll state are found to be repulsive state.

small. Transition probabilities of the observed transitions As mentioned earlier aab initio study on the ground and
A3Il,—X13" and B3I1;-X 3" are calculated from the excited states of the GaCl has been reported rec&fitin
calculated wave functions. Th&—X transition has been this report Yancet al*'® performed theoretical studies on the
found to have a larger transition probability th&+-X as  CII; state and conclude that the potential energy curve
expected from the experimental observations. The radiativehape and spectroscopic constants ofGHéI, state are af-
lifetimes of the A and B states are also estimated. Yang fected by both the size-extensivity correction and the
et al** have performed DFTab initio) calculations to deter- avoided crossing rules amory states of the same symme-
mine spectroscopic constants of the ground state and excitéy. The C I, state has a very shallow potential well
states of all gallium monohalides diatomic molecules as defv/,,,=2). A 33" state is crossing with & 11, state. The
scribed in earlier sections. The spectroscopic constants otifetime of the C 11, state of GaCl is on the order of nano-
tained from their theoretical calculation are given in Table 2.seconds.

4.2. The C—X System

The C 11 state in gallium monohalides similar to indium 4.3. Other Systems

monohalides becomes progressively less stable as the massRecently, a broad emission spectrum in the visible region
of the halogen atoms increases. Thus in GaFQHEl state  has been observed at 460 nm in GaBr and at 500 nm in GaCl
is a fairly stable state and a transition from this to the groundhy venkatsubramaniaet al® for the first time. No structure
state gives rise to an extensive band system. In GaCl, it iS & seen on the low frequency side while some undulatory
very weakly bound stateu(.~120 cmY). In GaBr this state  fiyctuation bands are observed on the high frequency side of
has a very shallow minimum and in Gal it is a completely this spectrum. The authors reported that the upper state cor-
repulsive state. TheC—X system of Ga—-monohalides is responding to this electronic transition is a bound singlet
among the least studied and only a few references are availang triplel state, while the lower state is th@ Il state,
able on the spectroscopic study of t@e-X system. which is predissociated. These transitions hold the potential
4.2.1. GaF to be developed into an efficient excimer laser medium, simi-

lar to the laser action obtained in the rare gas halides.
The CI-X13" system of GaF consists of discrete

bands lying between 205 and 220 nm. This system of GaF

was initially observed in absorption by Welti and Barfdw 5. Rydberg States
and in emission by Barrovet al!® These authors also re- '
ported vibrational and rotational constants for @&tate. In

a recent study of GaF, Griffithet al?® have rotationally ana-
lyzed several bands of t@ '[1-X '3 * system. The vibra-
tional structure shows both red and blue shaded bands and
one of the bands th® branch shows a double head. These
results are readily explained in terms of the near equality o
B. andB; and the effect of the centrifugal distortion term.
The non observation of any bands with>5 is explained as
due to predissociation, though no breaking off in the rota
tional structure is notetf The predissociation has been used
to estimate the dissociation energy of GaF. Théll state
also shows a potential hump on the order of 0.26V.

Deardenet al®® recently reported REMPI spectra of gas

phase gallium monochloride produced with laser light tuned
tween 330 and 430 nm. The REMPI spectra were pro-
uced by one, two, and three photon resonances with elec-
Fronic states that reside between 29500 and 80000 .cm
These authors have assigned five Rydberg series of bands
involving 20 new electronic states. A summary of the spec-
troscopic information known for these electronic stafeg-
dberg statesof GaCl is given in Table 9. The adiabatic ion-
ization potential of GaCl was estimated as 80 540 tiny a
least squares fit of the unperturbed Rydberg state origins.
This new value supports improved thermochemical calcula-
tions for GaCl and GaCl Grabandtet al®? obtained a
slightly lower value of the ionization potential (79 924 ¢hh
Miescher and Wehrl?*® observed red degraded bands infrom photoelectron spectra. These bands originate from one
absorption lying in the region 240—-270 nm for GaCl andphoton resonances from the previously knowh state of
fluctuation bands for GaBr in the region 287.4—266.7 nm.GacCl.
For Gal they could observe only a continuum at 306.5 nm Deardenet al”®® attempted to find correspondence be-
corresponding to theC—X transition. Vibrational analysis tween the REMPI spectra of InCl and GaCl to resolve state
brings one significant features in addition to the lack of sta-assignment. The analogy with the Rydberg state assignments
bility of the C I state. While they’ =0 level of theCII  between these two molecules was found to be very limited.
state in GaCl is unaffected, the=1 level shows the effect To the best of our knowledge, Rydberg states for GaF,
of predissociation. In the GaBr only some fluctuation band<saBr, and Gal have not been reported.

4.2.2. GaCl, GaBr, and Gal
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TaBLE 9. Summary of the spectroscopic information for the Rydberg states of GaCl

N origin REMPI AGy, Voo (0bs

State (nm) mechanism Quantum defect (ecm™} (em™Y
G(58)13 " 353.10 2+1 2.86 439 56 625
H(5pm)'l 342.06 2r1 2.77 497 58 452
I(5po)s ™ 332.81 2+1 2.68 — 60076
J(6pm)tI 428.29 31 2.77 386 70027
K(6pa)s* 426.69 3+1 2.73 351 70289
N(4f,) 408.15 31 0.06 402 73482
P(4f f) 407.33 3+1 0.02 409 73629
7pw I 403.19 3+1 2.78 385 74385
7po i3t 402.06 3+1 1.70 395 74595
5f, 394.59 3+1 0.08 383 76 008
5f, 395.89 31 0.01 387 76 133
8pw U1 391.95 3+1 2.78 402 76 520
8po izt 391.29 3+1 2.69 411 76 648
6f 387.08 3+1 0.01 — 77 480
9p 385.97 3+1 2.78 389 77 705
7f 383.35 3+1 0.01 399 78 235
10p 382.10 3+1 2.69 — 78490
8f 380.34 31 -0.07 — 78 855
11p 380.09 3+1 2.81 — 78 906
12p 378.52 31 2.84 — 79235

6. Conclusion ever, more accurate and updated values for most of these

molecules are required.
The four statesX 'S, A3Il,, B2Il,, and CII, are A more detailed study regarding UV photodissociation in

reasonably well characterized for GaF, GaCl, GaBr, and Ga/>@Br and Gal is clearly needed to optimize the performance
However, even for these states, the potential energy curve [ the atomic gallium laser.
well understood only in the vicinity of the minim@nly for
energies less than 15%—20% of the dissociation encidy 7. Acknowledgments
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